The broad connectivity of inhibitory interneurons and the capacity of inhibitory synapses to be plastic make them ideal regulators of the level of excitability of many neurons simultaneously. Whether inhibitory synaptic plasticity may also contribute to the selective regulation of single neurons and local microcircuits activity has not been investigated. Here we demonstrate that in rat primary visual cortex inhibitory synaptic plasticity is connection specific and depends on the activation of postsynaptic GABA B -Gi/o protein signaling. Through the activation of this intracellular signaling pathway, inhibitory plasticity can alter the state of a single postsynaptic neuron and directly affect the induction of plasticity at its glutamatergic inputs. This interaction is modulated by sensory experience. Our data demonstrate that in recurrent circuits, excitatory and inhibitory forms of synaptic plasticity are not integrated as independent events, but interact to cooperatively drive the activity-dependent rewiring of local microcircuits.
Introduction
Maturation of inhibitory synapses and development of a balance between excitation and inhibition mediate circuit refinement (Hensch and Fagiolini, 2005) , sensory processing (Alitto and Dan, 2010) , learning, and memory (Galindo-Leon et al., 2009) . Inhibitory synaptic transmission can contribute to these processes through modulation of glutamatergic synaptic release (Pérez-Garci et al., 2013) , modulation of the input/output function of a neuron (Saraga et al., 2008) or by compartmentalizing calcium signaling in postsynaptic neurons (Chiu et al., 2013) . Inhibitory synapses are plastic (Nusser et al., 1998; Haas et al., 2006; Nugent et al., 2007; Kurotani et al., 2008) , their strength can be modulated by sensory experience , and they contribute to experiencedependent circuit refinement (Yazaki-Sugiyama et al., 2009; Heimel et al., 2011) , substance abuse (Madhavan et al., 2010) , and chronic pain (Eto et al., 2012) . Thus, inhibitory inputs may perform complex functions beyond general modulation of circuit excitability. Inhibitory synaptic plasticity is emerging as a fundamental regulator of circuit function; however, its mechanisms of induction and its role in neural circuits are poorly understood.
Here, we used the circuit in layer 4 (L4) of rat primary visual cortex (V1), in which a form of long-term potentiation of inhibitory synapses (LTPi) is inducible at fast spiking (FS) to pyramidal neurons synapses , to investigate the mechanisms for LTPi and the effect of LTPi on recurrent excitatory inputs. We show that LTPi is connection-specific, depends on postsynaptic activity, and requires GABA B receptors activation. We also demonstrate that LTPi induction alters the capacity for plasticity at excitatory inputs. The crosstalk between excitatory and inhibitory plasticity is modulated by brief changes in visual drive.
Our findings have important implications for neural circuit function. The connection specificity of LTPi and its dependence on postsynaptic activity lead to potentiation of inhibitory synapses selectively onto pyramidal neurons that are active within a well identified range, allowing for precise refinement/rewiring of local microcircuits. The activation of the GABA B -Gi/o protein signaling in the postsynaptic pyramidal neuron constrains the sign of synaptic plasticity inducible at converging recurrent glutamatergic inputs. Together, these mechanisms allow FSmediated inhibition to regulate activity of pyramidal neurons with a high degree of specificity, despite their widespread connection probability. Although inhibitory and excitatory forms of plasticity are often debated as independent mechanisms, our data show that they are not independent events, but they cooperatively interact to shape cortical circuit connectivity and function.
Materials and Methods
All experimental procedures were approved by the Institutional Animal Care and Use Committee of Stony Brook University and followed the guidelines of the National Institutes of Health.
Visual deprivation. Monocular deprivation with eyelid suture (Maffei et al., 2004 Maffei and Turrigiano, 2008) was started at postnatal day 25 (P25) and maintained for 2-3 d. Briefly, animals were deeply anesthetized with a mixture of 70 mg/kg ketamine, 3.5 mg/kg xylazine hydrochloride, and 0.7 mg/kg acepromazine maleate injected intraperitoneally. The area around the eyelid was disinfected with beta-was adjusted to 7.35 by KOH. In a subset of experiments the internal solution used to record from the postsynaptic neuron contained the following (in mM): 100 K-glutamate, 20 KCl, 10 K-HEPES, 4 Mg-ATP, 0.3 Na-GTP, 10 phosphocreatine, 5 BAPTA, and 0.2% biocytin; pH was adjusted to 7.35 by KOH. Osmolarity was adjusted to 295 mOsm with sucrose.
Electrophysiology. To record monosynaptic connections, quadruple whole-cell recordings were obtained from visually identified pyramidal neurons and FS in L4 of the monocular region of V1. Once the whole-cell configuration was established, depolarizing current pulses (700 ms) with 50 pA step increments were applied to elicit action potentials (APs). This allowed us to identify neuron subtypes based on firing properties. The identity and location of recorded neurons was further confirmed by post hoc morphology reconstruction. During recordings neuron resting membrane potential was maintained at Ϫ70 mV by injecting small DC currents. To assess the quality of the recordings, input resistance was monitored throughout the experiments. Neurons with Ͼ20% change in input resistance were not included in the analysis. To identify monosynaptic connections between recorded neurons, neurons were activated suprathreshold with 5 ϫ 5 ms depolarizing pulses delivered at 20 Hz. These trains were staggered in time, and the unitary EPSP or IPSP was identified by computing the spike-triggered average of 30 traces recorded from putative postsynaptic neurons. Once the unitary EPSP or IPSP was detected, the baseline monosynaptic response was recorded for 10 min to assess stability and quantify the baseline properties of excitatory or inhibitory responses. After that, an induction paradigm was delivered to determine the plasticity of excitatory and/or inhibitory synapses. In experiments that required bath perfusion of a drug, an additional 10 min baseline was acquired before induction and the effect of the drug on baseline synaptic responses was quantified. To assess whether significant changes in synaptic strength were induced by the various induction paradigms, the EPSPs (or IPSPs) recorded 10 min before induction were compared with EPSPs (or IPSPs) recorded in the 30 -40 min interval postinduction.
Induction paradigms. To induce LTPi, 20 pairings of 10 FS action potentials at 50 Hz and postsynaptic depolarization of the pyramidal neuron were repeated at 0.1 Hz as previously reported . To induce plasticity at recurrent excitatory synapses, trains of 10 presynaptic spikes at 50 Hz were evoked in the presynaptic pyramidal neuron and repeated 20 times at 0.1 Hz, while the membrane potential of postsynaptic pyramidal neuron was maintained at Ϫ70 mV (Wang et al., 2012) . For testing the integration of excitatory and inhibitory plasticity, the protocols for inducing the plasticity of excitatory and inhibitory synapses were codelivered with a 2 s interval in recording configurations in which a FS neuron and a pyramidal neurons were both presynaptic to the same postsynaptic pyramidal cell (see Figs. 5A, 9A). The 2 s interval was chosen to allow complete recovery of the postsynaptic membrane from activation of possible intrinsic conductance in response to the depolarizing step required for LTPi or in response to bursts of APs elicited in the presynaptic pyramidal neuron. When isolating triplets for coinduction experiments, we ensured that FS was not directly activated by firing of either pyramidal neuron recorded simultaneously. Configurations in Baseline Post-Ind. Postsynaptic action potentials were elicited with 3 ms pulses delivered on top of a depolarizing step that was adjusted to achieve similar depolarization levels. Induction paradigms consist of 20 repetitions of the pairing shown at the bottom of each bar. The frequency of repetition was 0.1 Hz. C, Left, Diagram of experimental configuration and sample traces of a FS neuron connected to three pyramidal neurons. Pairings Ba, Bb, and Bd were applied at the three different connections. C, Right, Sample traces before (black) and after (gray) LTPi induction with the pairing shown in the diagram. Note the successful induction of LTPi only with pairings Ba and Bb onto Pyr 1 and Pyr 2. D, Bar plot of average percentage changes in IPSP amplitude induced by pairings Ba-Bc, black bar; and pairings Bd-Bg, gray bar. Data from multiple triplets/quadruplets were pooled in the average bar plot. Right, Bar plot of the average change in IPSP amplitude in Ba-Bc (black; n ϭ 7) and Bd-Bg pairings (gray; n ϭ 6). Data are presented as mean Ϯ SE. Asterisks indicate significant differences. To favor readability asterisks were not added to highlight significant differences in A. The p values of one-way ANOVA and post hoc t tests are reported in Results.
which bidirectional connections were observed within the triplet were not included in the analysis.
Post hoc neuronal reconstruction. After recordings, slices were incubated in 4% paraformaldehyde in PBS for 1 week. After the incubation period, slices were washed with PBS, permeabilized in PBS containing 1% Triton X-100 for 2 h, and then incubated in streptavidineAlexaFluor 488 (1:2000) dissolved in PBS containing 0.1% Triton X-100 at 4°C overnight. Slices were washed with PBS then mounted with fluoromount (Vector Laboratories). Stack images were collected using a confocal microscope (Leica) to allow for identification of neuronal morphology and location of the recordings. Only confirmed inhibitory and excitatory pairs within L4 were used for the analysis.
Data analysis. All data are expressed as mean Ϯ SEM. Paired t test was used to determine the statistical significance of LTP and LTD within a condition. To compare the data across different conditions, the statistical significance is determined with one-way ANOVA and post hoc unpaired t test combined. Values of p Ͻ 0.05 are considered significant.
Results
We first identified the mechanisms of LTPi at FS to star pyramidal neuron synapses in L4 of V1. Then we asked whether the LTPi modulates the capacity for plasticity at recurrent glutamatergic synapses. Finally, we tested the effect of brief manipulation of visual drive on the interaction between excitatory and inhibitory synaptic plasticity. The first group of experiments required recordings of monosynaptic connections from a single FS onto multiple pyramidal neurons (Fig. 1B) . The second and third set of experiments required the isolation of microcircuits with one FS and one pyramidal neuron presynaptic to the same pyramidal cell (see Figs. 5A, 9A). These recordings were obtained using multiple simultaneous patch-clamps between visually identified neurons in acute coronal slices from P25-P28. In a set of experiments visual deprivation was started at P25 and recordings were performed at P27-P28.
LTPi: parameter space and connection specificity
To understand the role of LTPi, we first needed to determine the parameter space for its induction. We asked whether success and magnitude of LTPi depend on postsynaptic activity. To test that, FS neurons were made to fire 20 bursts of action potentials at 0.1 Hz. Each burst contained 10 action potentials at 50 Hz . In different recordings, FS bursting was paired with different patterns of star pyramidal neuron activity (Fig. 1Aa-Ag) . We confirmed that when postsynaptic neurons were maintained at rest (Fig.  1Ad ) LTPi was not induced, and when the postsynaptic neuron was depolarized from Ϫ70 mV to Ϫ55 mV (Fig. 1Aa) 5.3%; n ϭ 5; p ϭ 0.5; Aa, percentage change: 41.2 Ϯ 5.6%; n ϭ 5; within-pair paired t test (wp-p t test), p Ͻ 0.01]. The magnitude of LTPi increased if the postsynaptic neuron fired action potentials at low frequencies on top of the depolarizing step , with the largest increase for postsynaptic firing frequencies ϳ10 Hz ( Fig. 1Bc; (Fig. 1Be ), 40 Hz (Fig. 1Bf ) , and 50 Hz (Fig. 1Bg ) did not change IPSP amplitude (Fig. 1Be , percentage change: 16.7 Ϯ 13.1%; n ϭ 5; wp-p t test, p ϭ 0.4; Bf, percentage change: 15.9 Ϯ 15.2%; n ϭ 4; wp-p t test, p ϭ 0.6; Bg, percentage change: Ϫ8.2 Ϯ 1.5%; n ϭ 5; wp-p t test, p ϭ 0.3; post hoc t tests, Ba, Bb, Bc vs Bd, Be, Bf, Bg, p Ͻ 0.05; post hoc t test, Bd, Be, Bf, Bg against one another, p Ͼ 0.4). Our data demonstrate that changes in IPSP amplitude are induced only when FS bursting is paired with pyramidal neurons active subthreshold (Fig.  1Ba ) or in the low-to-medium frequency range (Fig. 1Bb, Bc) .
FS contact many star pyramidal neurons. If repetitive bursting of one FS leads to LTPi at all its inhibitory inputs, a single FS would simultaneously affect the excitability of a large portion of L4. Alternatively, LTPi may be induced only at FS synapses onto pyramidal neurons that are active in the subthreshold to 10 Hz range , conferring this form of plasticity connection specificity despite high connection probability. To assess this, we performed multiple simultaneous patch-clamp recordings to isolate connections from a single FS onto 2-3 star pyramidal neurons (Fig. 1C) . Once the appropriate configuration and a stable baseline were obtained, FS bursting was paired with different patterns of postsynaptic activity a-g at each connection (Fig. 1C) . In simultaneously recorded connections only a-c pairings produced LTPi, whereas pairings d-g left IPSPs unchanged. On average paradigms a-c produced 86.9 Ϯ 16.8% potentiation, whereas d-g showed 5.6 Ϯ 1.1% change in IPSP amplitude (Fig.  1D , a-c: n ϭ 7 pairs; d-g: n ϭ 6; t test between groups Ba-Bc and Bd-Bg: p Ͻ 0.002). Together, these data indicate that LTPi is connection-specific despite widespread FS connectivity.
Mechanisms of LTPi
The mechanisms of LTPi are unknown. FS bursting releases GABA that could activate GABA A and GABA B receptors (Gonchar et al., 2001) . We tested the hypothesis that LTPi may be a GABA B -dependent potentiation of GABA A IPSPs. First we asked whether a 10-spike FS burst at 50 Hz like that used for LTPi could elicit GABA B -IPSCs in the postsynaptic neuron (recorded in voltage-clamp at Ϫ30 Ϯ 5 mV, ϳ20 mV above the reversal potential for chloride set by our internal solution; Ϫ49.7 mV). Monosynaptic IPSCs were composed of a GABA A -mediated current, sensitive to 20 M bicuculline, and a slow, GABA B -mediated component blocked by 10 M CGP52432 ( Fig. 2 ; GABA B IPSC: 4.25 Ϯ 0.2 pA, n ϭ 5). Thus, bursting of a single FS engages GABA A and GABA B signaling in L4 pyramidal neurons.
We verified that LTPi is reliably induced in our experimental conditions [ Fig. 3A ; ACSF, percentage change IPSP: 66.8 Ϯ 21.5%; n ϭ 8; paired t test (p t test), p Ͻ 0.01]. The dependence of LTPi on GABA B was then tested. Once a FS-pyramidal neuron connection was identified and a 5 min baseline acquired, CGP52432 (10 M) was bath applied and IPSPs were monitored for 10 min to control for direct effects of CGP52432. IPSPs were monitored for at least 40 min after induction paradigm. LTPi was quantified by comparing IPSPs amplitude in the 10 min baseline-CGP52432 perfusion with that of IPSPs recorded in the 30 -40 min postinduction interval. GABA B blockade did not affect baseline IPSPs, but impaired LTPi ( Fig. 3B ; CGP, percentage changebaseline: 15.2 Ϯ 11.8%; p ϭ 0.6; percentage change-LTPi: Ϫ18.5 Ϯ 8.4%; n ϭ 11; p t test, p ϭ 0.8). The same effect was observed with 1 M CGP52432 (1 M CGP, percentage changeLTPi: 2.8 Ϯ 6.4%; n ϭ 10; p t test, p ϭ 0.8). These data demonstrate that LTPi requires GABA B receptors activation.
GABA B receptor signaling depends on Gi/o proteins. Incubation of slices treated with pertussis toxin (PT; 0.2 g/ml) for 4 -6 h before recording, a treatment preventing dissociation of ␣ and ␤␥ subunits of the Gi/o protein, was used to assess the involvement of Gi/o proteins in LTPi. PT was maintained in the bath throughout the experiment. PT prevented LTPi ( Fig. 3C ; percentage change-IPSP: Ϫ22.6 Ϯ 9.3%; n ϭ 6; p t test, p ϭ 0.1). This effect did not depend on slices age as LTPi is routinely induced after maintaining them in oxygenated ACSF for Ͼ6 h. Our data demonstrate that LTPi is a GABA B -dependent potentiation of GABA A IPSPs mediated by Gi/o signaling.
In layers 2/3 and 5 of V1, inhibitory synaptic potentiation is calcium-dependent (Komatsu, 1996; Holmgren and Zilberter, 2001) . We thus asked whether LTPi in L4 might also require calcium signaling. When BAPTA (5 mM) was selectively added to the postsynaptic pyramidal neuron, LTPi was not affected ( Fig.  3D ; BAPTA, percentage change-IPSP: 50.4 Ϯ 10.6%; n ϭ 7; p t test, p Ͻ 0.01). Group I metabotropic glutamate receptors (mGluR) may play a role in plasticity of inhibitory synapses (Sugiyama et al., 2008) . Although in our experiments we used paired recordings of FS and star pyramidal neurons, tonic levels of glutamate could activate mGluRs. To assess whether Group I mGluRs facilitate LTPi, we applied their selective agonist 50 M DHPG. DHPG did not affect baseline IPSPs, LTPi induction, and magnitude ( Fig. 3E ; DHPG, percentage change-baseline: 4.9 Ϯ 14.9; p t test, p ϭ 0.5; percentage change-LTPi: 74.1 Ϯ 23.2%; n ϭ 10; p t test, p Ͻ 0.01). Gi/o protein signaling can impair adenyl cyclase and decrease protein kinase activity, possibly favoring signaling from protein phosphatases. Phosphatases were proposed as a downstream regulators of GABA B signaling (Chung et al., 2009) , of GABA A receptors phosphorylation (Mansuy and Shenolikar, 2006) , and mechanisms for synaptic plasticity (Belmeguenai and Hansel, 2005; Mansuy and Shenolikar, 2006) . Blockade of protein phosphatases by 0.1 or 1 M okadaic acid (OA) did not affect baseline IPSPs ( Fig. 3F ; percentage change-IPSP: 9.7 Ϯ 14.7; n ϭ 8; p t test, p ϭ 0.5). LTPi was not prevented by either 0.1 or 1 M OA ( Fig.  3F ; percentage change-OA: 40.8 Ϯ 10.4%; n ϭ 8, p t test, p Ͻ 0.01). Thus, L4 LTPi is independent of postsynaptic calcium, mGluR, and protein phosphatase signaling.
We asked whether baseline IPSP amplitude influences induction and/or magnitude of LTPi. There was no correlation between baseline IPSP amplitude and magnitude of successful LTPi ( Fig. 4A ; R 2 ϭ 0.1; n ϭ 18). Last, we quantified possible changes paired pulse ratio (PPR) following induction in all experimental conditions. LTPi left PPR unchanged ( Fig.  4B ; percentage change-PPR, LTPi: Ϫ8.6 Ϯ 8.1%, n ϭ 8, p ϭ 0.3; CPG: Ϫ0.7 Ϯ 3.1%, n ϭ 11, p t test, p ϭ 0.6; PT: 0.5 Ϯ 4.6%, n ϭ 6, p ϭ 0.7; BAPTA: Ϫ7.7 Ϯ 5.1%, n ϭ 5, p ϭ 0.2; OA: Ϫ1.5 Ϯ 4.2%, n ϭ 7, p ϭ 0.5; DHPG: 6.6 Ϯ 4.6%, n ϭ 8, p ϭ 0.3). These data support the interpretation that LTPi is expressed postsynaptically, and that the initial strength of the connection is not predictive of the sign of plasticity.
What is the role of LTPi?
How LTPi may affect neural circuits is unknown. In recurrent circuits such as neocortex, excitatory and inhibitory inputs converge onto a postsynaptic neuron, which needs to integrate them and produce the appropriate output. Overlap of the location of GABA and glutamate synapses was shown in the hippocampus (Pettit and Augustine, 2000) and in V1 (Chen et al., 2012) . Interdependence of GABA and glutamatergic transmission has been recently reported in the hippocampus (Hayama et al., 2013) , in neocortex (Chiu et al., 2013) , and in the cerebellum (Hirono et al., 2001) , suggesting local crosstalk between excitatory and inhibitory inputs. It is currently unknown how long term changes in excitatory and inhibitory synaptic strength may be integrated. We addressed this question directly, using multiple patch-clamp recordings to isolate microcircuits in which one FS and one pyramidal neuron (Pyr2) were presynaptic to the same pyramidal cell (Pyr1; Fig. 5A ).
In these experiments neither Pyr1, nor Pyr2 were presynaptic to FS or bidirectionally connected. In the first set of experiments, we asked whether LTPi at FSPyr1 affects baseline EPSP amplitude of Pyr2-Pyr1. As shown in Figure 5B , LTPi did not affect Pyr2-Pyr1 EPSP amplitude, indicating that LTPi induction alone does not modulate recurrent EPSPs ( Fig. 5B ; FS-Pyr1-percentage change, 42.7 Ϯ 16.3; n ϭ 4; wp-p t test, p Ͻ 0.01; Pyr2-Pyr1-percentage change, Ϫ2.1 Ϯ 3.1%; n ϭ 4; wp-p t test, p ϭ 0.5; percentage change IPSP vs percentage change EPSP, unpaired t test, u t test, p Ͻ 0.001).
L4 recurrent synapses between pyramidal neurons are plastic, and after the onset of the critical period can undergo LTP (LTPe; Wang et al., 2012). We used the paradigm for LTPe to investigate how LTPe and LTPi may be integrated by the postsynaptic neuron. Paradigms for LTPi (Fig. 1Ba) and LTPe induction were coapplied at FS-Pyr1 and Pyr2-Pyr1 (Fig. 5C,D) . A 2 s interval between FS and Pyr2 bursting was used to allow for complete relaxation of membrane charges due to Pyr1 postsynaptic depolarization (Fig. 5C, Paradigm #1) . In this configuration, LTPi was induced, whereas LTPe was impaired. LTDe was induced instead (Fig. 5 D, E ; percentage change-IPSP-FS-Pyr1: 54.2 Ϯ 13.7%, wp-p t test, p Ͻ 0.01; percentage change-EPSP-Pyr2-Pyr1: Ϫ34.4 Ϯ 4.6%, wp-p t test, p Ͻ 0.01; percentage change-IPSP vs percentage change-EPSP, u-t test: p Ͻ 10 Ϫ4 ; n ϭ 11). These results suggest that LTPi and LTPe are not integrated as independent events.
The interaction could be specific to the order of pairing. To assess that, we compared experiments in which FS-Pyr1 pairing preceded (Fig. 5C , Paradigm #1; n ϭ 5) or followed Pyr 2 bursting (Fig. 5C , Paradigm #2; n ϭ 6). There was a dominant effect of LTPi, which was always successful, whereas the input from Pyr2 showed only LTDe. Thus, data obtained in coinduction experiments were pooled in Figure 5 . Successful LTPi and LTPe rely on 20 repetitions of the induction paradigms. Paradigm #2 (Fig. 5C ) is therefore equal to a paradigm in which Pyr2 bursting follows FS-Pyr1 pairing by 8 s. This suggests that the interaction between LTPi and LTPe can occur over a time scale of few seconds. To further analyze the relationship between LTPi and plasticity at excitatory inputs, we asked whether the magnitude of changes in IPSP and EPSP amplitude were correlated. There was a significant correlation of the magnitude of LTPi and LTDe ( Fig. 5F ; R 2 ϭ 0.63), further confirmed by Spearman rank order correlation analysis ( Fig. 5G ; Rs ϭ 0.7, p Ͻ 0.01). Thus, LTPi directly affects the capacity for plasticity at converging glutamatergic synapses.
Mechanisms of crosstalk between inhibitory and excitatory plasticity
Crosstalk between excitatory and inhibitory plasticity was reported in several brain regions. This interaction can occur via modulation of chloride reversal potential (Ormond and Woodin, 2009), heterosynaptic retrograde signals (Chevaleyre and Castillo, 2003), or spillover of neurotransmitters onto presynaptic terminals (Nugent et al., 2009) . What mediates the crosstalk between LTPi and excitatory plasticity in L4?
To assess whether heterosynaptic activation of presynaptic GABA B receptors mimics the effect of LTPi on LTPe, we pharmacologically activated GABA B receptors with baclofen (20 M, bath applied). Baclofen decreased EPSP amplitude and increased PPR (Fig. 6 A, B ; percentage change-EPSP: Ϫ75.6 Ϯ 5.2%; n ϭ 4; p t test, p Ͻ 0.01; percentage change-PPR: 156.1 Ϯ 49.2%; n ϭ 4; p t test, p Ͻ 0.01). Baclofen often decreased EPSP amplitude below detection threshold (0.2 mV).
This effect is consistent with GABA B -dependent reduction in release probability. These data demonstrate that in addition to being on postsynaptic terminals opposite FS, GABA B receptors are present at presynaptic glutamatergic synapses. However, baclofen did not mimic the effect LTPi on excitatory inputs ( Fig.  5B ): pharmacological activation of GABA B receptors decreases EPSP amplitude and increases PPR, whereas LTPi induction affects the capacity for plasticity of glutamatergic inputs without affecting baseline EPSP amplitude and PPR.
FS elicit GABA B -mediated IPSCs in L4 star pyramids (Fig. 2) , suggesting that the crosstalk between LTPi and LTPe is likely to occur within postsynaptic neurons. To begin to unravel the mechanisms of crosstalk we asked whether interfering with GABA B signaling affects LTPe. We verified that LTPe is successfully induced in control conditions ( Fig. 7B ; ACSF percentage change-EPSPs: 33.8 Ϯ 8.3; n ϭ 10; p t test, p Ͻ 0.05). Then we observed that 1 M CGP52432 did not prevent LTPe (percentage change-EPSP: 25.2 Ϯ 8.4, n ϭ 11; p t test, p Ͻ 0.01, data not shown). Preventing dissociation of ␣ and ␤␥ subunits of the Gi/o protein with PT did not impair LTPe ( Fig. 7C ; percentage change-EPSP: 39.1 Ϯ 14.4; n ϭ 5; p t test, p ϭ 0.04). PPR was significantly reduced following LTPe induction in PT, confirming that this form of plasticity is similar to the one induced in ACSF (Wang et al., 2012;  Fig. 8A ; LTPe percentage change-PPR: Ϫ24 Ϯ 5.8, n ϭ 10, p Ͻ 0.01; PT percentage change-PPR: Ϫ17.6 Ϯ 2.7%, n ϭ 5, p t test: p Ͻ 0.04). Thus, blocking GABA BGi/o signaling does not affect baseline EPSPs, nor does it impair LTPe. LTPe magnitude did not correlate baseline EPSPs amplitude ( Fig. 8B ; R 2 ϭ 0.15; Wang et al., 2012) , indicating that LTPe is independent of the previous history of the synapse.
Gi/o signaling activates a number of cellular mechanisms that could interfere with LTPe. Gi/o activation reduces calcium entry through voltage-gated calcium channels (VGCC; (Pérez-Garci et al., 2013) , prevents backpropagation of action potentials (Pérez-Garci et al., 2013) , and can lead to the activation of mGluRs (Hirono et al., 2001) . LTPe is induced even when the postsynaptic neuron is hyperpolarized (Wang et al., 2012) , suggesting that postsynaptic NMDA receptors are not required. However, adding 5 mM BAPTA only in the postsynaptic neuron prevented LTPe ( Fig. 7D ; percentage change: 3.4 Ϯ 15.9%; n ϭ 4; p t test, p ϭ 0.9), and the reduction in PPR associated with it ( Fig. 8A ; BAPTA percentage change-PPR: Ϫ7.4 Ϯ 4.1%, n ϭ 5, p t test, p ϭ 0.2). L-type VGCC may be the source of calcium required for LTPe and a possible site of action of Gi/o signaling. Bath perfusion of 10 M nifedipine blocked LTPe, inducing a significant LTDe ( Fig. 7E ; Nifedipine-percentage change: Ϫ30.8 Ϯ 4.2, n ϭ 14, p t test, p Ͻ 0.01). Postsynaptic BAPTA prevented LTPe but did not lead to LTDe; differently blockade of L-type VGCC led to a significant depression, suggesting that L-type VGCC may affect LTPe by acting both on neuronal excitability and intracellular signaling.
LTD at glutamatergic synapses can also be facilitated by GABA B -dependent activation of mGluRs. Activating Group I mGluRs with 50 M DHPG did not affect baseline EPSPs, but impaired LTPe favoring LTDe ( Fig. 7F ; percentage change-baseline EPSP: 0.5 Ϯ 4.5%; n ϭ 12; p ϭ 0.6; percentage change-EPSP after induction: Ϫ33.9 Ϯ 5.4%; n ϭ 12; p t test: p Ͻ 0.01). DHPG prevented the reduction in PPR associated with LTPe ( Fig. 8A ; DHPG percentage change-PPR: Ϫ7.6 Ϯ 5.3%, n ϭ 12, p t test, p ϭ 0.12). In all conditions in which LTDe was induced, the magnitude of depression was independent of EPSP's initial amplitude ( Fig. 8C ; R 2 ϭ 0.05; n ϭ 21; Spearman rank order correlation coefficient, Rs ϭ Ϫ0.2; two-tailed p ϭ 0.4). Data were plotted together only after verification that correlations were not present within each group.
These data suggest multiple mechanisms for Gi/o signaling to mediate the crosstalk between LTPi and LTPe. We therefore tested whether pharmacological manipulation of Gi/o signaling could affect the outcome of coinductions. Once the recording configuration for coinduction was selected (Figs. 5A, 9A) LTPi and LTPe induction paradigms were coapplied as described above. Blockade of Gi/o signaling with PT prevented LTPi induction (Fig. 9 B, C; percentage change-IPSP: Ϫ15.2 Ϯ 10.9, n ϭ 12 triplets; p t test: p ϭ 0.4) while allowing for successful LTPe (LTPe: percentage change-EPSP: 33.6 Ϯ 10.4, n ϭ 12 triplets; p t test, p Ͻ 0.01; percentage LTPi vs percentage LTPe, t test, p Ͻ 10 Ϫ4 ). PT also disrupted the correlation between changes in EPSPs and IPSPs (Fig. 9 D, E ; R 2 -PT ϭ 0.04; Spearman rank order correlation: Rs Ϫ PT ϭ 0.02, p ϭ 0.9). These data support the interpretation that GABA B -Gi/o signaling is not only needed for LTPi, but is also a determinant for the crosstalk between LTPe and LTPi.
Experience-dependent regulation of the crosstalk LTPi and LTPe are both induced in the critical period for visual cortical plasticity Wang et al., 2012) . Brief visual deprivation by unilateral eyelid suture saturates LTPi and changes the capacity for plasticity at L4 recurrent synapses (Wang et al., 2012) . We asked whether manipulating visual drive could alter the crosstalk between LTPi and LTPe. Animals received unilateral eyelid suture at P25 and acute slices were prepared from the hemispheres ipsilateral (control) and contralateral (deprived) to the closed eye at P27-P28. Recordings were obtained from the monocular portion of V1 to allow for within animal comparison of control and deprived conditions. In the control hemisphere LTPi induction modulated the capacity for plasticity at convergent excitatory inputs as expected (Fig. 10 A, B) . LTPi was effectively induced, while the converging excitatory synapse underwent LTDe (Fig. 10 A, B ; LTPi: 33.5 Ϯ 8.4%; LTDe: Ϫ26.6 Ϯ 5.6%; wp-p t test, p Ͻ 10 Ϫ5 ; n ϭ 9). The magnitude of LTPi correlated with the magnitude of LTDe, as confirmed with Spearman rank order correlation analysis (Fig.  10C,D; R 2 ϭ 0.7; Rs ϭ 0.5; p Ͻ 0.05). Thus, data from the control hemisphere recapitulate the results obtained from nondeprived rats. In slices from the deprived hemisphere, the average amplitude of FS to pyramidal neurons synapses was significantly larger than that in control (control: 0.7 Ϯ 0.2 mV, n ϭ 8; deprived: 3.1 Ϯ 0.8 mV, n ϭ 7; p Ͻ 0.05) as previously shown . Further induction of LTPi resulted in depotentiation of IPSPs. Depotentiation alone did not affect baseline EPSP amplitude ( Fig. 11 ; deprived, LTDi: Ϫ34.9 Ϯ 20.6%, p Ͻ 0.05; LTPe: Ϫ0.6 Ϯ 4.8%, p t test, p ϭ 0.81, n ϭ 4). However acute depotentiation of FSmediated IPSP allowed for the recovery of LTPe at the input from Pyr2 (Fig. 10 E, F ; n ϭ 6). The magnitude of depotentiation correlated with that of LTPe ( Fig. 10G ; R 2 ϭ 0.8), as further confirmed by Spearman rank order correlation analysis ( Fig. 10H ; Rs ϭ 0.9; p Ͻ 0.05). These results support the interpretation that the capacity for excitatory and inhibitory plasticity and their integration are modulated by visual experience.
Discussion
We have shown that LTPi is connection specific and depends on postsynaptic activity, GABA B receptors, and Gi/o protein signaling. We have also demonstrated that acute changes in inhibitory synaptic strength affect the capacity for plasticity at excitatory inputs converging onto the same postsynaptic neuron. Our data support the interpretation that this interaction is mediated by crosstalk of signaling pathways activated by GABA B , VGCC, and group I mGlu receptors (Fig. 12) . Furthermore, the crosstalk we report is sensitive to changes in visual drive. In summary, our findings indicate that inhibitory and excitatory forms of plasticity are not independent events, but interact to shape cortical circuit connectivity and function in an experiencedependent fashion.
Plasticity of inhibitory synapses
Inhibitory synapses have been proposed as regulators of neuronal excitability (Carvalho and Buonomano, 2009 ) and mediators of experience-dependent refinement in local microcircuits . The broad connectivity and powerful inhibition of FS in particular is thought to be highly effective in controlling the state of excitability of cortical neurons (Cardin et al., 2009) . Such widespread connectivity has led to questioning FS involvement in fine scale regulation of cortical circuit connectivity (Smith and Bear, 2010) . Our data demonstrate that FS can exert their inhibitory action in a connection-specific fashion by selectively inducing plasticity onto pyramidal neurons active within a well-identified range.
LTPi engages PT-sensitive Gi/o proteins activated by GABA B receptors located on the postsynaptic neurons. Whereas in the hippocampus activation of postsynaptic GABA B receptors requires GABA spillover from several inhibitory neurons (Scanziani, 2000) , in L4 of V1 bursting of a single FS activates detectable GABA B -IPSCs in pyramidal neurons. To induce LTPi, however, FS bursting was not sufficient. The postsynaptic neuron needed to be active during FS bursting. The requirement for postsynaptic depolarization initially led us to consider the involvement of calcium signaling through voltage gated channels in LTPi . Our data indicate that LTPi is calcium independent. The depolarization may contribute to facilitating GABA B-outward potassium currents, potassium inflow through voltage-gated channels, and/or chloride inflow to reduce excitability.
In addition to being calcium-independent, LTPi presented several differences from other forms of inhibitory synaptic plasticity; it is not expressed through changes in chloride reversal potential (Woodin et al., 2003) and does not require coactivation of glutamatergic receptors (Nugent and Kauer, 2008) . Our previous work suggested that LTPi is expressed postsynaptically . The data shown here support that interpretation and demonstrate that LTPi requires GABA B signaling, but does not rely on protein phosphatases. GABA B -Gi/o signaling interferes with adenylcyclase (Duman and Enna, 1987) and can affect posttranslational modification of membrane receptors (Lüscher et al., 2011) . Similar mechanisms may also contribute to LTPi.
Crosstalk of inhibitory and excitatory forms of plasticity
LTPi may reduce neuronal circuit excitability by impairing the ability of pyramidal neurons to generate action potentials (Saraga et al., 2008) and by affecting the capacity for plasticity at glutamatergic inputs. This effect could explain how inhibitory plastic- Model for crosstalk: GABA release from FS activates both GABA A and GABA B receptors on the postsynaptic pyramidal neuron. This leads to LTPi, a GABA B -Gi/o-dependent potentiation of GABA A -mediated IPSPs, onto Pyr2. In addition, it leads to a change in capacity for plasticity at the converging recurrent glutamatergic input from Pyr1 onto Pyr2. The mechanisms involved in changing the capacity for plasticity of the Pyr1-Pyr2 connection rely on Gi/o-dependent reduction in calcium inflow through L-type VGCC. Regulation of intracellular calcium levels (red X) could also be affected by activation of mGluR. In addition, coactivation of Group I mGluR contributes LTDe induction. Based on recent findings possible direct crosstalk between Gi/o and Group I mGluRs could be involved (dotted gray arrow). activation of mGluRs (Rives et al., 2009) . In L4 of V1, bursting of a presynaptic pyramidal neuron, whereas pharmacologically activating group I mGluRs, induces LTDe. The combination of Group I mGluR activation, GABA B -Gi/o signaling and L-type VGCC blockade could explain both impairment of LTPe and induction of LTDe at excitatory inputs onto pyramidal neurons receiving potentiated inhibition.
Recurrent excitatory and inhibitory inputs in L4 of V1 are located in the perisomatic region (Bannister and Thomson, 2007) . Although there is no direct report that these synapses are adjacent, recent studies in the hippocampus, in V1, and in other neocortical areas showed that GABAergic inputs can colocalize with glutamatergic synapses at spines (Chen et al., 2012; Chiu et al., 2013) , likely favoring crosstalk of signaling mechanisms.
It was previously shown that glutamatergic transmission and plasticity coregulates inhibitory synapses (Nugent and Kauer, 2008) . Our data demonstrate that the crosstalk can occur also in the opposite direction. In adult hippocampus, inhibitory synaptic plasticity depends on the level of expression of the chloride transporter KCC2 (Ormond and Woodin, 2011) . Differently, LTPi does not affect chloride reversal potential . Additional mechanisms of interactions proposed to date involve spillover of neurotransmitters onto nearby presynaptic terminals (Nugent et al., 2009) , coactivation of GABA A and NMDA receptors (Komatsu and Iwakiri, 1993) , coactivation of GABA A and 5HT-Gs protein signaling (Komatsu, 1996) , or release of retrograde signals (Chevaleyre and Castillo, 2003) . LTPi does not directly modulate EPSP amplitude or PPR, indicating that GABA spillover onto presynaptic glutamatergic terminals is unlikely to drive the crosstalk we report in V1. LTPi affects the capacity for plasticity at converging excitatory inputs that are coactivated during induction. Retrograde signaling cannot be fully excluded; however, to date there is no evidence suggesting presynaptic expression or release of retrograde signals during LTPi induction.
We did not explore the full extent of the time constrains for the crosstalk between LTPi and LTPe. However, we did test the effect of two intervals for coinduction (Fig. 5C ). Both paradigms produced the same effect: successful LTPi and impaired LTPe. This indicates that the crosstalk between excitatory and inhibitory plasticity can occur at convergent inputs repetitively activated within a few seconds of one another. Such temporal interaction suggests that both transient and long-term Gi/o signaling mechanisms may be engaged. The involvement of shortterm and long-term signaling pathways is further supported by LTPe dependence on L-type VGCC and intracellular calcium signaling. LTPi connection specificity, the relatively sparse recurrent connectivity of excitatory neurons (Bannister and Thomson, 2007; Wang et al., 2013) , and the requirement for repetitive coactivation likely limit crosstalk to converging inputs driven by FS and pyramidal neurons with correlated activity. This constraint could allow for selectivity of the inputs affected by the crosstalk.
In the circuit used for this study, LTPi is induced by unilateral visual deprivation during the critical period for visual cortical plasticity . Thus, LTPi has the potential to decrease excitability, and through the crosstalk of LTPi and excitatory plasticity, to selectively weaken excitatory inputs converging onto neurons driven by the deprived eye. Such interaction could explain the experience-dependent change from LTPe to LTDe at recurrent L4 excitatory inputs (Wang et al., 2012) . Acute depotentiation of inhibition in the deprived hemisphere restores capacity for LTPe, consistent with a prominent role of inhibition in modulating the capacity for plasticity of V1
